Abstract: Multiple scattering of light in a disordered medium with gain may provide for the necessary feedback to achieve lasing action without an optical cavity. In addition to the fundamental interest raised by this regime of light-matter interaction in open cavity, the relatively simple design of these so-called "random lasers" and the possibility to control their emission open perspective of new applications in domains not yet covered by conventional lasers.
Introduction
Multiple scattering of light is omnipresent in our environment. It is, for instance, responsible for the white color of clouds, snow, paper, or milk. When strongly scattering and thick enough, a disordered medium may even become reflecting: As a result, snow does not melt under the rays of the sun and clouds seen from an airplane can be strongly dazzling. Another characteristic of multiple scattering is that deep inside the medium, illumination tends to become isotropic. Who has not gotten disoriented in a thick fog where all light sources become completely blurred? In such a regime of strong scattering, the transport of light intensity can be described by a random walk. At scales larger than the mean free path associated with this random walk, the energy density follows a diffusion equation, similar to the Fourier law for the transport of heat or the Fick law for the transport of particles. The dwell time associated with the transport of light intensity within the medium is strongly increased compared to ballistic propagation in free space. Light trapping by multiple scattering turns the disordered medium into a virtual cavity. This can be used to observe a lasing threshold in the presence of gain and stimulated amplification of spontaneous emission, like in a conventional laser. Such a laser without mirrors is called a "random laser." Here, the beam-like emission and the high degree of spatial coherence characteristic of standard lasers is lost as the cavity is not well defined, and many modes with uncorrelated phases can lase simultaneously. However, the complexity of the virtual disordered cavity turns out to be an advantage as it offers new degrees of freedom to control freely laser emission.
A "Photonic Bomb"
In 1968, Letokhov studied multiple scattering of light in amplifying scattering medium, using a model of diffusive transport for light [1] . In a scattering medium, losses come from diffusion out of the system boundaries. One can show that for a critical size, gain in the system volume compensates for losses and a laser threshold is reached. This simple model called the "photonic bomb" model describes a phenomenon similar to what happens in a nuclear reactor when the neutron density reaches its critical value (see Fig. 1 ). It gives a good idea of the general concept of random lasers, although gain is not usually uniform within the medium and the pumping is usually performed in the pulsed regime.
Random Lasers of All Kinds
Random lasers operating in the regime described by Letokhov were proposed in the early 1990's [2] - [4] . Actually, random lasing has been observed in a large variety of systems [5] (see Fig. 2 ). We mention among others suspensions of particles in laser dye, photonic glasses and opals infiltrated with dyes. In these systems the gain medium is dissociated from the scattering medium. More recently random lasing was demonstrated in a cold atom cloud [9] , [10] . This cloud was formed by 10 11 atoms of rubidium laser cooled at 50 K providing for the scattering medium, the gain mechanism being based on stimulated Raman scattering. In this particular case, the atoms play both the role of scatterers and amplifiers, the threshold being the result of a subtle trade-off between scattering and gain. At a completely different scale, astrophysicists explain high intensity radiations of specific spectral lines in star gases or Mars atmosphere in terms of cavity-less laser emission, similar to the random lasing mechanism described here [11] .
Coherent Feedback
In 1999, the interest for random lasers was really triggered when H. Cao and her team demonstrated, for the first time, random lasing with coherent feedback [12] , [13] . By pumping a powder of zinc oxide (ZnO) above threshold, discrete narrow laser lines emerged in the emission spectrum (see Fig. 3 ). This phenomenon could only be explained by a coherent feedback mechanism with mode selection as in conventional lasers. This is in contrast with the mere narrowing of the gain curve observed in earlier experiments, which were understood in terms of amplified spontaneous emission (ASE). In this new experiments, the photons were forced back into the gain medium by the randomly distributed scatterers, leading to the coherent oscillation of a radiative mode, like in a regular laser. This observations were later confirmed in various active random media and raised the debate on the nature of the lasing modes in otherwise cavity-less lasers. The concept of mode can be generalized to leaky cavities and open systems. They are the modes in which the system will oscillate naturally after withdrawal of the excitation [14] . If the concept of mode remains well defined in an open medium [15] , the correspondence between the modes of the passive system and the lasing modes is not direct, as opposed to cavity lasers. We have shown that in the regime of strong scattering, where modes become confined within the limit of the system, the so-called regime of Anderson Localization, modes of the disordered system are selected by the gain like modes of the Fabry-Perot cavity are selected in a classical laser [16] , [17] . In a regime of weak scattering in contrast, lasing modes can be significantly different from the modes of the cold system [18] . Predicting these modes becomes a true challenge for theoreticians: they must reconsider the semi-classical theory of lasers to account for the complexity resulting from the combination of disorder and non-linearities [19] . The physics becomes even more complex in the multimode regime, where interesting effects of mode competition and instability are expected.
Controlling Random Laser Emission
The scattering medium that replaces in disordered media the optical cavity of conventional lasers generally consists of a disorderly arrangement of dielectric elements of small dimensions. Subregions of this system are different realizations of disorder, which are associated with different set of eigenmodes. Thus, pumping subregions results in various emission spectra (see Fig. 4 ). In a way, the same object provides not a single laser but a collection of random lasers with different spectral properties. This is where all the wealth of random lasers can be fully appreciated. For example, a question that arises is whether it is possible to control the emission of a random laser, which is a challenge owing to the unpredictable nature of the spectrum and the emission direction. However, if pumping two regions gives two different spectra, one can wonder if it is not possible to find a non-uniform spatial profile of the pump that facilitates the emission of a particular mode at the expense of the others. The idea of modulating the optical pump was first suggested and tested some time ago by Kogelnik and Shank in their seminal paper on distributed feedback lasers [20] , but this technique remained essentially unexploited. With the advent of spatial light modulators and their availability on the market, an arbitrary modulation of the pump beam becomes possible and simple to perform. We recently demonstrated that the spatial modulation of the pump provides an additional degree of freedom in active random media that allows to control random lasers [21] , [22] . We proposed a method inspired from adaptive optics and active control of optical wavefronts in random media [23] (see Fig. 5 ). The optimal profile of the pump beam which gives an emission spectrum with a single mode at a targeted wavelength and which is a priori unknown, is obtained by using an optimization algorithm. At each step, the spectrum is measured and the profile is modified to favor the desired laser mode and "extinguish" the others. We have tested this method successfully on a real system: we now completely control the emission spectrum, in spite of the various noise sources inherent in an experimental system (see Fig. 3 ). The control can be taken over other laser characteristics. The group of S. Rotter in Austria recently showed, at least numerically [24] , that a similar method can be used to force a random laser to lase in a particular direction, a natural characteristic of standard cavity lasers, that random lasers lack. The perspectives are many when thinking of the versatility such a laser can demonstrate. Once optimized profiles associated with selected wavelengths and targeted directions of emission are recorded, such a tunable and directional laser can be fully driven by the computer addressing the SLM. Once integrated, for instance, in a microfluidic system, such a laser will help to locate, identify, and analyze various compounds.
Applications of Random Lasers
Today, random lasers are no longer mere curiosities dedicated to fundamental exploration of lasers. The field of random lasers is growing with a marked interest for their potential applications. They were first recognized for the simplicity of their fabrication with applications proposed for Fig. 4 . Optofluidic random laser. A laser dye flows in a 3-mm-long serpentine microfluidic channel. The imprecision of the fabrication process (photolithography) results in structural disorder which multiply scatters photons stimulated along the microchannel. The green strip represents the optical pump which forces emission in that direction. The pump strip can be translated along the channel to probe different regions of disorder. (b) Emission spectra measured for three different positions of the pump [27] . Fig. 5 . Active control of a random laser. In this schematic, the random laser consists of dielectric slabs (black) randomly positioned in a gain medium. Optical pumping (green) is amplitude modulated by spatial light modulator (blue). The emission wavelength (red arrows) depends on the spatial profile of the pump [27] .
example in the field of laser paints. A first considered promising application is the manufacture of lasers without mirrors, in particular in the field of short wavelength and X-rays lasers, for which the reflective elements necessary for the optical cavity do not exist. The low cost of manufacturing, their small size, the flexibility of their geometry and their compatibility with different substrates associated with isotropic emission make random lasers attractive candidates for intense displays. Random microlasers could be used as optical markers for medical imaging, material labeling [25] , or fast generation of large sets of random numbers for encoding keys. In each of these cases, one takes advantage of the unique signature of the random structure associated with a particular emission spectrum. Another important characteristic of disordered dielectric media is their extreme sensitivity to local variation of the refractive index. Like the modes of a FabryPerot cavity, which adjust their eigenfrequency to the cavity size when the position of the mirrors is modified, modes of a random laser are very sensitive to a small perturbation of the medium, opening interesting perspectives in the field of chemical and bio-sensors, or in nano-positioning. A tunable random laser has been proposed by the group of D. Wiersma in Italy used as a temperature sensor [26] . More recently, we designed an optofluidic random laser [27] , which can detect small index variations of a fluid flowing in a nearby microchannel (see Fig. 4 ). Because such a source does not require the degree of accuracy in the fabrication process and alignment as conventional microfluidic lasers do, one can consider its large scale integration on-cheap in complex microfluidic architectures.
Actually, random lasers form a new class of light sources with a spectral radiance comparable to super-luminescent diodes together with a low degree of spatial coherence like thermal light sources. These characteristics are particularly welcome in full field imaging, for which speckle formation resulting from the coherent interference of light is detrimental. A random laser was recently designed and patented with adjustable degree of spatial coherence [28] , [29] . It offers an ideal light source to improve image rendering, e.g., in digital projectors, in classical microscopy or non invasive optical imaging such as optical coherent tomography.
But random lasers are also found were they are most unexpected, namely in the domain of photonic crystals! Fabrication processes are never perfect and residual structural defects may be detrimental for instance in the slow light regime where light-matter interaction is exalted. The more the light is slow down, the more sensitive to fabrication imperfections. The group of H. Cao has shown that structural disorder provides Anderson-localized modes that can stimulate spontaneous emission. Random lasing was observed with highly confined modes in a photonic crystal on GaAs membrane in the slow light regime [30] .
Conclusion
Random lasers are still in their inception and do not pretend to replace the well-proven laser technology. However, the concept has now reached the stage of maturity. A research group in Singapore has recently designed the first random quantum cascade laser pumped electrically, operating in the infrared at 10 microns [see Fig. 2(d) ] [31] , and the stage of development is not far off. A random laser is at the same time a simple and complex object, making it all its richness. One the one hand it is a real challenge for theoreticians led to rethink the theory of lasers in these open systems. On the other hand their relatively simple fabrication contrasts with the requirements and the technological constraints of traditional cavity laser, offering new prospects for applications where conventional lasers are in check. Finally, if the concept of the random laser is found in many areas, from cold atomic gas to photonic crystal lasers, it is certainly because the disorder is everywhere and unavoidable.
